In transient infrared (IR) experiments, a molecular system may be photoexcited in a nonstationary conformational state, whose time evolution is monitored via IR spectroscopy with high temporal and structural resolution. As a theoretical formulation of these experiments, this work derives explicit expressions for transient one-and two-dimensional IR spectra and discusses various levels of approximation and sampling strategies. Adopting a photoswitchable octapeptide in water as a representative example, nonequilibrium molecular dynamics simulations are performed and the photoinduced conformational dynamics and associated IR spectra are discussed in detail. Interestingly, it is found that the time scales of dynamics and spectra may differ from residue to residue by up to an order of magnitude. Considering merely the cumulative spectrum of all residues, the contributions of the individual residues largely compensate each other, which may explain the surprisingly small frequency shifts and short photoproduct rise times found in experiment. Even when a localized amide I mode is probed (e.g., via isotope labeling), the vibrational frequency shift is shown to depend in a complicated way on the conformation of the entire peptide as well as on the interaction with the solvent. In this context, various issues concerning the interpretation of transient IR spectra and conformational dynamics in terms of a few exponential time scales are discussed.
I. INTRODUCTION
Combining subpicosecond time resolution with high structural sensitivity, multidimensional infrared (IR) spectroscopy has become a powerful tool to study the structural dynamics of molecules in the condensed phase. 1, 2 If the excited state of the studied vibration only exists for a short time, however, conventional two-dimensional (2D) IR spectroscopy is necessarily limited to short time scales. This is the case, for example, for amide I vibrations of peptides and proteins which undergo vibrational relaxation on a time scale of T 1 ≈ 1 ps. A powerful way to overcome this limit is to first prepare the molecular system in a nonstationary conformational state by some kind of photoswitching and-after some delay time t-monitor the subsequent conformational change by one-or two-dimensional IR spectroscopy. [3] [4] [5] [6] [7] [8] [9] [10] Examples include T-jump spectroscopy 3, 4 and the insertion of a photoactive moiety into the side chains 5, 6 or the backbone 7-10 of a biopolymer. As an example, let us consider a water-soluble bicyclic octapeptide obtained by Moroder and co-workers, 11 which is connected head to tail via an azobenzene photoswitch and by a disulfide bridge, see Fig. 1 . A recent timeresolved IR study 12 has shown that this photoswitchable peptide, henceforth termed bcAMPBw, exhibits conformational dynamics on (at least) three time scales: 0.2 ps for the initial cis → trans photoisomerization of azobenzene, 5 ps for the cooling of the photoexcited system in water, as well as 5 and 300 ps time scales that were assigned to reflect the photoinduced conformational rearrangement of the peptide. a) Electronic mail: stock@physik.uni-freiburg.de.
Producing complex time-and frequency-resolved spectra, these experiments require theoretical support for their interpretation. To this end, it is instructive to perform nonequilibrium molecular dynamics (MD) simulations, which explicitly mimic the photoexcitation process and allow us to study the photoinduced processes in atomistic detail. 13 In fact, accompanying nonequilibrium MD calculations of bcAMPBw in explicit water have shown that the photoinduced conformational changes of the peptide are quite complex. 12 In nice agreement with experiment, it was found that some commonly used indicators to monitor global conformational change, such as the radius of gyration and the root-mean-square deviation, indeed show time scales of 4 and 200 ps. Calculating the time evolution of the backbone dihedral angles φ and ψ of the individual residues, though, typically resulted in much longer response times. In a similar vein, a previous transient IR study on a photoswitchable peptide in dimethyl sulfoxide (DMSO) solvent suggested that the main photoinduced conformational changes of the peptide are completed within only 20 ps, 8 while related MD studies revealed conformation dynamics on time scales of 50 ps up to several nanoseconds.
14 Transient 2D IR spectra, on the other hand, showed substantial changes of the spectra for times up to 1 ns. 9 These findings obviously raise questions on the connection of transient conformational change and corresponding IR spectral signatures.
In this work, we address this issue by directly calculating the time-dependent spectral response from a nonequilibrium MD simulation. Within the framework of semiclassical line shape theory, we derive explicit expressions for transient oneand two-dimensional IR spectra following optical excitation.
Adopting the photoswitchable peptide bcAMPBw in water, we study the validity of various approximation levels, including the cumulant and the density approximation, and discuss strategies to overcome the ubiquitous sampling problem inherent to these calculations. In order to establish a direct link between dynamics and spectra, it is shown that it is important to use isotope labeling to enable a site-selective investigation of the transient amide I spectra. Moreover, we discuss the role of the solvent and of nonlocal peptide motions in the interpretation of transient IR spectra.
II. THEORY
Starting from the standard theory of linear IR absorption, we first derive explicit expressions for the transient IR spectrum, which are then generalized to calculate transient 2D IR spectra.
A. Transient IR spectrum
Consider a vibrational system described by the Hamiltonian H, which accounts, e.g., for the ground and first excited states of the amide I vibrations of a peptide. The system interacts with the IR electric field E(t) via H int (t) = −μE(t), whereμ is the transition dipole operator. Standard timedependent perturbation theory with respect to H int yields in first order the electric polarization 15
where we introduced the operatorμ(t) = e iH tμ e −iH t and the initial state |ψ of the system. Assuming that E(t) is stationary, the linear IR absorption spectrum is proportional to the Fourier transform of the polarization, which yields the wellknown result
where T 1 represents the phenomenologically included lifetime of the vibrations. In this work, we are concerned with time-resolved optical/IR experiments, where at time t = 0 the photoactive group of a peptide is excited by an ultrashort optical pump pulse, which results in subpicosecond cis-trans photoisomerization and subsequent conformational rearrangement of the peptide. After some delay time t, this conformational dynamics is interrogated by measuring the linear IR response of the system via a second laser pulse. Although this amounts in total to a third-order nonlinear spectroscopic process, the transient IR response can still be described by a linear expression for the polarization, if we replace the zero-order stationary initial state |ψ in Eq. (1) by a first-order nonstationary state |ψ t ≡ |ψ(t ) , which is time-dependent due to the initial nonequilibrium preparation of the system. 16, 17 Moreover, the IR laser field E(t) is no longer stationary but a laser pulse centered at the delay time t. Assuming, for example, impulsive excitation via a delta function pulse E(t − t 1 )∝δ(t − t 1 − t), we obtain
where τ = t − t denotes the time after the IR probe pulse. As explained in the Introduction, we wish to consider the IR spectrum of a single isotope-labeled amide I oscillator, which can be described by a two-level system with energies ε 0 and ε 1 . Within semiclassical line shape theory, 18, 19 the fluctuations of the peptide and the surrounding solvent molecules result in a classical time-dependence of the vibrational Hamiltonian, giving rise to the time-dependent energy gap ε(t) ≡ ε 1 (t) − ε 0 (t). In practice, ε(t) is calculated along an MD trajectory
In the semiclassical formulation, the nonstationary initial state |ψ 0 is represented in a quasiclassical manner via an ensemble average over nonequilibrium trajectories x r (t), yielding
Fourier transformation gives the transient IR spectrum assume a finite (instead of an ultrashort) optical laser pulse, which-within the semiclassical approximation-affects a time average over the impulsive polarization. Employing for simplicity a pulse with rectangular shape and duration 2T, the quantity C t (τ ) E in Eq. (5) is replaced by
By insertion in Eq. (6), the transient IR spectrum is now evaluated via the double average . . . TE ≡ . . . T E ; an ensemble average over different nonequilibrium MD trajectories x r (t) and a time average due to the finite length of the laser pulses. While the latter per se represents no approximation, the assumption of finite laser pulses certainly limits the time resolution of the transient IR spectrum. Since the averaging over the rapidly oscillating exponential function in Eq. (5) is still rather tedious, it is advantageous to perform a second-order cumulant expansion of the propagator. 15 This "cumulant approximation" is exact, if the higher order cumulants vanish, which necessarily requires a Gaussian distribution of the frequency. 20 This condition is typically well satisfied for the distribution obtained from each individual MD trajectory x r (t) but not so for the distribution obtained from the ensemble of trajectories. 21 As a consequence, we apply the cumulant approximation only with respect to the time average, which gives
with
T is not stationary due to the nonequilibrium process studied, it turns out to be "quasi-stationary" in small time intervals around t. This means that we can simplify matters further and obtain
Equation (10) together with Eq. (6) represents the cumulant approximation of the transient IR spectrum. Compared to Eq. (5), it allows for (relatively) facile averaging of the propagator. Nonetheless, it requires the use of a small time step (δt 20 fs) to represent the rapid fluctuations of δε(t n ) = δε(nδt). This means that the MD data need to be saved frequently, which is cumbersome since we typically need to calculate many (≈10 2 -10 3 ) MD trajectories of nanosecond length. Assuming that the frequency fluctuation correlation function in Eq. (10) decays on the correlation time τ C , we obtain homogeneous broadening in the limit δε 2 τ C 1 and inhomogeneous broadening in the limit δε 2 τ C 1. 15 The latter, which turns out to be more important in this study, yields
which results in a Gaussian broadening of the IR spectrum.
As an alternative derivation of the inhomogeneous limit, we may assume that the frequency shift δε(t) varies only little during the amide I lifetime T 1 ≈ 1 ps. As a consequence, we can neglect the time integration in Eq. (4), and simply approximate
In this limit, the transient IR spectrum reduces to the density of states (or sum over states), which is given by an average over Lorentzians
where γ = 1/2T 1 . In the discussion below, we refer to this limit as "density approximation."
B. Transient 2D IR spectrum
It is straightforward to extend the above derived expressions for the transient IR spectrum to the calculation of the transient 2D IR spectrum. The latter corresponds to a fifthorder process, which consists of an optical excitation of the system at time t = 0 creating a nonstationary state, which is interrogated after a delay time t by a 2D IR experiment. The basic idea is the same as above: Starting from the standard expression of the third-order polarization of a standard 2D IR spectrum, we replace the stationary zero-order stationary initial state |ψ by a first-order nonstationary state |ψ t . Again, we employ a double average to facilitate the convergence of the results.
The theory of stationary 2D IR spectroscopy is well established, 1, 2, 22-24 hence it is sufficient to recall only the main expressions. In brief, the third-order polarization due to three delta-function IR pulses is usually expressed in terms of the response functions
where t 1 denotes the time delay between the first and the second interaction, t 2 between the second and the third interaction, and t 3 between the third interaction and the detected response of the system. In direct generalization of the linear dipole correlation function in Eq. (1), these nonlinear response functions account for the three contributions to the 2D IR spectrum, that is, stimulated emission (SE), ground-state bleach (GB) and excited state absorption (ESA), which radiate in the so-called rephasing (+) and the nonrephasing (−) directions. We note that the description of excited state absorption requires us to include the double excited state of the vibrational system, withμ D being the transition dipole operator connecting the single and double excited states. Fourier transform of the response function with respect to the two coherence times t 1 and t 3 yields the 2D IR spectrum. Typically, one considers the purely absorptive spectrum, which is given as the real part of the sum of rephasing and nonrephasing signals
Here we introduced
with n = SE, GB in order to phenomenologically include the line broadening due to the lifetimes T 1 = 1 and 0. 
Next, we again assume a finite optical laser pulse, which allows us to perform a time average as in Eq. (7). We obtain
which-together with Eq. (15)-constitutes the direct calculation of the transient 2D IR spectrum I t (ω 3 , t 2 , ω 1 ).
Since the averaging of multidimensional spectra is even more tedious than in the one-dimensional case, in practice we want to evaluate the nonlinear response functions within a second-order cumulant expansion, which yields
where the line shape function g t (t) is given in Eq. (9). To account for excited state absorption, we have adopted the experimental anharmonicity = 16 cm −1 of an amide I vibration and approximated the excited-state dipole moment in harmonic approximation, i.e., |μ 12 | 2 = 2|μ 01 | 2 (Ref.
2). Equation (19) represents the cumulant approximation of the transient 2D IR spectrum.
Finally, we consider the inhomogeneous limit, where the frequency fluctuations are virtually constant within the vibrational lifetime. In direct generalization of Eq. (13), the transient 2D IR spectrum is given by
referred to as "density approximation."
III. METHODS

A. MD simulations
Equilibrium and nonequilibrium MD simulations of the bcAMPBw peptide have been described in detail in Ref. 12 and are reviewed here only briefly. All simulations were performed with the GROMACS program suite, 25 using the GROMOS96 united atom force field 43a1 of Ref. 26 to model the bcAMPBw peptide and the simple-point-charge (SPC) model of Ref. 27 to describe the water solvent. Initial structures of the bcAMPBw molecule were obtained from NMR experiment 11 and placed in an octahedral box containing ≈1500 water molecules. Two chloride ions were added to neutralize the system. First, equilibrium simulations of the cis and the trans isomer of bcAMPBw were carried out by using the replicaexchange module implemented in GROMACS. As discussed previously, 12, 28 enhanced sampling simulations are required in particular for the cis isomer which represents a "frustrated" structurally heterogeneous system. We ran 40 replicas that cover a temperature range from 280 to 500 K, yielding a total sampling time of 1200 ns. From the cis equilibrium trajectory at 300 K, 400 statistically independent conformations were extracted and employed as initial structures for subsequent calculations: (i) short (150 ps) equilibrium runs to calculate the stationary spectra [Eqs. (2) and (15) 14 the nonequilibrium simulations mimicked the photoexcitation of the system by an ultrashort laser pulse by instantly switching from the ground-state N=N torsional potential S 0 to a model excitedstate potential S 1 . After isomerization (i.e., for times ≥500 fs), the N=N torsional potential is switched back to its groundstate form, and standard MD simulations were performed up to 1 ns. During the first 50 ps, the data were saved every 0.02 ps, which enables us to calculate transient IR spectra within the cumulant approximation. For longer times, the data were saved every 0.2 ps, which is only sufficient for the density approximation of the spectrum.
B. Modeling of the C=O frequency
To calculate the instantaneous frequency ε n (t) of the local C=O modes, we make the ansatz 23, [29] [30] [31] [32] 
Here ε 0 = 1717 cm −1 denotes the C=O frequency of isolated N-methylacetamide, and δε M n , δε P n , and δε S n represent the shift of this frequency due to the interaction with the neighboring peptide units, the remaining peptide units, and the solvent, respectively. Adopting the building block model of Ref. 33 , the next-neighbor contribution δε M (t) to the C=O frequency of the nth peptide unit is given by
where ε GD C and ε GD N denote the frequencies of the C-and Nterminal local modes of isolated glycine dipeptide, respectively. Employing density functional theory calculations at the B3LYP/6-31+G(d) theoretical level, these frequencies were calculated for an equidistant map of the peptide backbone dihedral angels φ n and ψ n . 34 The frequency shifts of the remaining peptide units (δε P ) and due to the solvent atoms (δε S ) were estimated by the 6-site electrostatic potential model of Skinner.
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C. Calculation of spectra
As explained above, we calculated the stationary spectrum [Eq. (18)] using semiclassical line shape theory only, the "cumulant" calculation [Eqs. (10) and (19) ] which employs in addition a secondorder cumulant expansion, and the "density" approximation [Eqs. (13) and (20) ] that moreover assumes a slowly varying frequency shift. In all calculations, we used N = 400 trajectories for the ensemble average. The stationary spectra for each trajectory are readily calculated from the 150 ps equilibrium runs. To achieve a satisfactory convergence of the transient spectra, it turned out necessary to use 500 points in the time average. For easier comparison to experimental results, we also calculated the transient difference spectrum defined as where the reference spectrum I 0 (ω) corresponds to the initial cis state of the system.
IV. RESULTS
A. Equilibrium spectra
To compare the various levels of approximation introduced above, Fig. 2 shows the linear and 2D equilibrium spectra of the cis conformer of the photoswitchable peptide bcAMPBw. Adopting residue Lys8 as a representative example, we focus on the amide I vibration of a single residue, which could be achieved in experiment by isotope labeling of the corresponding C=O group. In qualitative agreement with experimental data, 35 the calculated linear absorption band is quite broad δε 2 ≈ 30 cm −1 and is centered at ≈1650 cm −1 . The cumulant results (panel a) are almost identical to the direct calculations (data not shown), which is associated with the fact that the frequency distributions obtained from individual MD trajectories are virtually of Gaussian shape. Moreover, the density calculation (b) of the linear spectrum is only marginally broadened compared to the direct calculation. Judged from the linear spectrum alone, we therefore seem to find the inhomogeneous limit of line broadening. This conclusion is supported by the fact that the two ways to calculate the inhomogeneous limit, Eqs. (11) and (12), yield virtually identical results. However, the frequency fluctuation correlation function δε(t)δε(0) exhibits (for all residues) a variance of δε 2 ≈ 30-40 cm −1 and is well fitted by three decay times of ≈0.15 ps (40%), 1 ps (25%), and 10 ps (35%). This leads for the fastest component δε 2 τ C ≈ 0.4 and shows that we are rather in the intermediate regime than in the inhomogeneous limit where δε 2 τ C 1. When we consider the equilibrium 2D IR spectrum of Lys8, again the cumulant results (Fig. 2(c) ) are found to be almost identical to the direct calculations (data not shown). We find the typical double-peak structure of a 2D IR spectrum, where the redshifted positive part accounts for excited state absorption, while the blueshifted negative part accounts for stimulated emission and ground-state bleach. The density approximation of the 2D spectrum in Fig. 2(d) , on the other hand, differs clearly as it shows a reduced antidiagonal width compared to the direct calculation. This reflects the fact that the antidiagonal width corresponds to the homogeneous broadening of the spectrum, 36 which-apart from the lifetime broadening 1/2T 1 ≈ 5 cm −1 -is neglected in the density calculation. Unlike the linear spectrum in panel b, the 2D spectrum therefore reflects faithfully the fastest component of the frequency fluctuation correlation function which gives rise to homogeneous broadening. The diagonal width of the peaks, on the other hand, correspond to the total broadening which is well reproduced by the density approximation.
B. Transient spectra
The overall picture is quite similar when we compare the various theoretical levels to calculate transient spectra: Direct and cumulant results are equivalent in all cases, cumulant and density results are quite similar in the linear case, and density calculations of 2D spectra are similar but too "thin" compared to cumulant calculations. In what follows, we restrict the discussion to the density calculation. This is because the density calculations converge relatively rapidly with respect to their time and ensemble averages and do not require a small time step of the data. Moreover, Eq. (13) allows for a straightforward interpretation of the transient spectra in terms of the underlying MD trajectory.
The density calculation of the transient IR spectrum of Lys8 is shown in Fig. 3(a) for various delay times t = 0, . . . , 900 ps. As a consequence of the cis → trans photoisomerization, the absorption band exhibits a redshift of ≈10 cm −1 within the first nanosecond. To enhance the relatively small spectral changes and to facilitate the comparison to experimental results, one usually considers the transient difference spectrum [Eq. (23) ] which is shown in Figs. 3(b) and 3(c) for t = 20 and 900 ps, respectively. Indeed, we find that the small transient frequency shift of Lys8 results in pronounced spectral features of the difference spectrum. The figure also shows the corresponding transient 2D IR difference spectra. By subtracting the redshifted transient 2D spectra from the initial spectrum, we obtain two double-peak structures which correspond to the minimum and the maximum of the transient 1D spectrum. 9 Similar to the linear case, the transient 2D spectrum shows a broadening of the diagonal width with increasing delay time. However, in the present case, i.e., in the absence of transient off-diagonal peaks (we consider a single vibration only), and in the absence of nontrivial homogeneous broadening (which are absent in the inhomogeneous limit), the 2D representation hardly reveals more information than the linear spectrum.
For this reason, we now focus on the transient 1D spectra, which are shown in Fig. 4 for all eight residues. Maybe the most striking finding is that the transient spectra of the various residues are quite different. To begin, the first residues Lys1, Cys2 (and to a smaller amount also Ala3) show a blueshift of about 10 cm −1 for increasing time, while the last two residues Lys7 and Lys8 show a redshift of similar size. The inner residues, on the other hand, exhibit quite complicated time evolutions. This is particularly true for Thr4 and Cys5, while Ala3 and Asp6 show comparatively little spectral response. Also the time scale of the spectral evolution differs for the various residues. Plotting the maximum of the photoproduct band 37 of the first and last two residues versus time, Fig. 5 shows that these transients are surprisingly well represented by a single exponential time constant which, however, can be quite different for different residues. While Cys2 rises rapidly within only 60 ps, Lys8 shows a rise time of 300 ps, a factor 5 slower. The time scales of the other two residues, Lys1 (170 ps) and Lys7 (150 ps), are in between.
The discussion shows that it is important to use isotope labeling to enable a site-selective investigation of the transient amide I spectra. In fact, by summing up the transient IR spectra of all residues of bcAMPBw, the blueshift of the first residues and the redshift of the last residues may cancel each other, such that the resulting sum spectrum show only very little evolution at all, see Fig. 6(a) . Again, the small spectral changes are amplified by considering the corresponding difference spectrum (panel b), although only its central part is useful due to the limits of our signal-to-noise ratio. Interestingly, however, the summation results in the curious artifact that the overall rise time of the sum spectrum (panel c) is significantly faster (25 ps) than the time constants found for the spectra of the individual residues. It should be noted, that this sum spectrum is a only a rough approximation of true total amide I spectrum (it completely neglects all dipole moments, vibrational couplings, and nonadiabatic interactions) and can therefore not directly be compared to the experimental spectrum. While the details of the experimental transient IR spectrum of bcAMPBw are indeed different, nevertheless, quite small frequency shifts (≈2 cm −1 ) and surprisingly short product rise times (≈5 ps) upon cis → trans isomerization have been found. 12 The situation is very similar for bcAMPB in DMSO. 
C. Origin of spectral evolution
To pursue the initially raised questions on the connection of spectroscopy and dynamics, we now compare the above discussed transient spectral evolution to the underlying conformational dynamics of the system. To this end, we employ the φ, ψ dihedral angles of the peptide backbone as a measure of this dynamics. Adopting again the first and last two residues, Fig. 7(a) ues of these angles, obtained via the same ensemble and time averages as used in the calculation of the spectra. We start with residue Lys1, which is given as a mixture of α-helical (ψ ≈ −50
• ) and β-extended (ψ ≈ 100 • ) conformations. Upon cis → trans photoisomerization, this mixture shifts towards the α state. This structural rearrangement causes a decrease of the dihedral angle ψ 1 , which is well fitted by a single time constant of 700 ps. Similar to Lys1, residues Lys7 and Lys8 also undergo a β → α transition which can be accounted for by the corresponding ψ dihedral angle, yielding the time constants 900 and 400 ps, respectively. Cys2, on the other hand, undergoes a β → polyproline II transition which can be described by the dihedral angle φ 2 with a rise time of 1300 ps.
Interestingly, we find that the time scales of conformational change shown in Fig. 7(a) time scales of the spectral evolution of this residue in Fig. 5 .
To explain this, we recall that the amide I frequency ε(t) in Eq. (21) depends on the interaction with the neighboring peptide units (via δε M ), the remaining peptide units (via δε P ), and the solvent (via δε S ). Only the first contribution depends directly (via a nonlinear map of the φ, ψ backbone dihedral angles) on the conformation of a specific residue, while the other two terms reflect the dynamics of all remaining atoms. Hence it is instructive to disentangle these contributions, e.g., by considering the time evolution of the mean frequency shifts δε k n (t) (k = M, S, P) for the nth residue.
Showing these three contributions, Fig. 7 (b) readily reveals the origin of the above finding. On average, we observe that the overall change of δε M during the first nanosecond is usually smaller than the change of δε S and δε P , while the time scale of the change of δε M is typically longer than for δε S and δε P . For Lys1, for example, the overall rise of δε M of ≈4 cm −1 is well represented by a time scale of 700 ps. Interestingly, this is indeed the response time of the corresponding dihedral angle ψ 1 . Similarly, δε P rises on a 500 ps time scale for about 8 cm −1 . The solvent shift δε S , on the other hand undergoes a significant initial redshift of ≈6 cm −1 on a 30 ps time scale, followed by a 1 ns rise to about the initial value.
Reflecting the large number of solvent particles, δε S exhibits significantly more high-frequency fluctuations than the other contributions. The time evolution of the frequency shifts of the other residues are similar, i.e., the response of δε M is relatively slow and related to the corresponding dihedral angle describing the transition. The response of δε S and δε P , on the other hand, may also show a fast response on the time scale of ≈30 ps, which is also reflected in the transient IR spectra shown in Fig. 6 . (In particular, this is the case for Cys2, which explains the fast spectral response of this residue shown in Fig. 5.) What is the origin of this fast response?
The answer is found, when observables that monitor global conformational change are considered, such as the radius of gyration R g and the root-mean-square deviation (RMSD). For example, the radius of gyration R g
is defined as the average of the mass-weighted squared distances of all atoms to the center of mass and is therefore a measure of the overall size of the molecule. As a consequence of the subpicosecond stretching of the peptide due to the cis → trans photoisomerization of the azobenzene unit, R g was found to exhibit an initial increase on a 4 ps time scale and a similar time constant was found for the RMSD. 12 While not (yet) affecting the backbone dihedral angles, this initial structural change gives rise to a change of the overall charge distribution of the peptide, which prompts a rapid response of the water solvent (in water typically 1 ps 38 ). As the measured amide I frequency sensitively depends on the solvent configuration, the initial structural change may lead to a fast transient frequency shift on a picosecond time scale.
V. CONCLUDING REMARKS
Starting from semiclassical line shape theory, we have derived explicit expressions for transient one-and twodimensional IR spectra, which can be directly evaluated from nonequilibrium MD simulations of the considered system. Adopting the photoswitchable peptide bcAMPBw in water, we have found that direct and cumulant calculations give equivalent results. The density calculation, on the other hand, was shown to work well for linear IR spectra, but less so for 2D IR spectra as this approximation underestimates the antidiagonal width caused by homogeneous broadening. Since in our case the 2D representation hardly revealed more information, we have focused on the density calculation of the linear transient IR spectrum. The density approximation facilitates the notoriously tedious convergence of the nonequilibrium spectral response and does not require a small time step of the data. Moreover, it allows for an in principle straightforward interpretation of the transient spectra in terms of the underlying MD trajectory.
To what extent such an interpretation is insightful in practice, however, depends on two main issues. First, it is important to employ isotope labeling in order to enable a siteselective investigation of the transient amide I spectrum. This is because the various residues fold in a noncooperative manner with response times that differ from residue to residue almost by an order of magnitude. 6 When the cumulative spectrum of all residues is considered, the contributions of the various residues were found to compensate each other, which may explain the surprisingly small frequency shifts and short photoproduct rise times found in experiment. Furthermore, Fig. 7 has clearly shown that-even when a localized amide I mode is probed-the vibrational frequency shift depends in a complicated way on the conformation of the entire peptide as well as on the interaction with the solvent. In the case of bcAMPBw in water, we have found that the rapid photoinduced initial structural change gives rise to a change of the overall charge distribution of the peptide. This prompts a picosecond response of the water solvent, which in turn causes a rapid (∼10 ps) frequency shift of the amide I band. During that time, the conformational rearrangement of the peptide described by its backbone dihedral angles has hardly started yet, since it occurs on a nanosecond time scale in the present case. As a consequence, the IR response to the conformational change of even a single residue is too complex to be unambiguously described by a single time constant. Despite of these complications, the present study clearly suggests that transient IR spectroscopy on isotope-labeled biomolecules has a great potential to reveal conformational dynamics in unprecedented detail.
